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The* evolution of X-'i'i.i*/ astroiiotny uj) to thu louncli- 
iiifj of thcf Kinntojn Obaorvatory, in'ocoodncl throueju 
Uio followlrig ir.ajov atupa, (1) Tliu cUacoviiiy in 
X‘jC'A of All cixumiolnr x-ray aovuco, Sco x-l» oidora 
of m.iijnjtude atronejur tluin aaironomcra boliovod 
adglit exist} it turned out to belong to n clacs of 
prcviciualy unhmvwn galactic objoett; the X-I^'»y 
stair,, (2) TJio iduntificatioii of a atrnng X-ray 
source v/ith the Crab Uol>uln, (3) The Idanti fication 
of SCO x-1 with a faint, peculiar optical object. 
(<1) Iho domoristiation that X-ray stars are binary 
syctew!!, each consistimj of a collapsed object (a 
ntutroi) star/ occasionally a black hole) accreting 
fiuittur from an "ordinary" star. (£>) The dincove’ry 
of X ray "bur.sts." (0) The discovory of cxcooding- 
ly strong X-ray omis.nion from active galaxion, 
quasars and clusters of galaxies. (7) T)ic demon- 
stration that in these the principal X-ray source 
is a hot .gas filling the space between galaxies. 
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1. TOE EARLY HlS'l’ORY 

*1.1 The Discovery of the First EXtrasolar X-ray 
Source 

In the fall of igSi) a decision was made at American 
• Science and Engineering, Inc. (ASB) - a young 
■ Cambridge company - to start a major effort aiming 
at the discovery of X-rays from celestial sources 
other than the Sun. At that time, I was acting .as 
a consultant for ASE, as wore, among others, George 
Clark and -Stan Olbert. Rlccardo Ciacconi, whp had 
recently joined the company,- took charge of the - 
program. 

Despite the obvious potential interest of a search 
for cxtrasolar X-rny sources, cxtrasolar X-ray 
astronomy had been essentially ignored in tlic early 
planning of the national spate program. Only one 
group, that of Herbert Friedman at the Naval Re- 
search Laboratory (NRL) , had made some attempt.s 
at detecting X-tayr. from sources outside the solar 
! system. The results had been negative or amliigu- 

ous. (Friedman informed mo later that the NRL 
; group was engaged In a development program of X-ray 

. detectors to bo used in an exjiloratory work in 

i cxtraiidlar X-ray astronomy.) 
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Q'lio reason for the low priority given to extra- 
solar X-ray uiitrouomy was, c>f oourao, tliot all 
asitronomical information available al tliat time 
led to the concl union that any ccmccivalOu X-ray 
source located ovitsido the fiolar nyiitoin was ex- 
tremely unlikely to produce a aign/jl strong enough 
to bo dotectod, except by instruuitntfi far lioyond 
the state of t)iu art. 

TOeso prodietjons did not deter us from c,ur effort;. f 
instead we decided to follow two lines of attack. 

I 

The first was tho devolopmont of an instrumont 
many orders of magnitudu mbre sensitive Uinn txiat- 
ing. X-ray detectors, capable of detecting' tho very 
weak X-ray fluxes expected to originate from extra- 
solar X-ray sources. To actually produce such an 
instrument was a very diffieul t task. It was not 
enough to improve existing technologies; what was 
needed was an entirely new approach. Tho break- 
through came with Giacooni's suggestion to concen- 
trate on a small area deteelor X-rays from a point 
source that are incident upon a large collecting 
area, by m.'ikiiig use of total external reflection 
of X-rays under grazing incidence. The end pro- 
duct wac tho X-ray telescope, an image-forming 
device having a very fine angular resolution and 
a very high sensitivity. 

■It was clear from the beginning that the devolo})- 
jiicnt of such a novel instrument as the X-ray tele- 
scope would require many years. In fact, the 
first X-ray telescope suitable for cxtrasolar x-ray 
astronomy was launched only in 1970 aboard the 
HEAO-2 satellite (the Einstein Observatory); al- 
tliough smalltir versions had been used previously, 
in observations of the Sun in X-rays. 

T)io second line of attack had a more modest aim; 
namely to improve tho thin-window gas counters 
used for solar X-ray astronomy, so as to enhance 
as much as possible their sensitivity. 

Wo knew, of course, that these detectors would not 
even approach the sensitivity needed to observe 
the predicted fluxes from cxtrasolar sources. On 
the other hand,. we Colt, that, by looking at the • ' 
sky with X-ray detsetors suJinLantially more sen- 
sitive ttian those used previously, we were enter- 
ing an entirely unexplored territory, where things 
unpredictable might be encountered. Which is 
exactly what happened. 

( 

Work on the improvement of thJn-window X-ray 
counters, extending over a period of about two ‘ 

... * ^ 
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ytit)i?o und carrloJ out to n groat extent by Frank 
Paolini# a Bciontint in (iincconi'fi group, produced 
X-ray detoetorr, about 100 tiinon mojo Bonnitivo than 
those used previously in nolor X-xny nBtronomy. 

The first Kuccenoful flight with such instrumonta 
took placti on Juno 10, 1962. Tldo hifjtoric flight [ 
dPtoctod an extraordinarily strong X-ray Rource 
located outeido the Bolar Byntcin. I'ho same flight 
also produijod evidence of a diffuse X-ray back- 
ground (Kef. 1). (For the history, the "official" 
purpose of this rocket flJglit was an nttonipt to 
detect fluorescent X-rays from the nwon.) 

Some early skcpticiem about our discovery was soon 
diKpollcd by further observations of the ASK group 
(pef, 2) and of the NRJ, -group (}<of. 3). Moreover, 
the NRL observations, carried out with a collimated 
detector, sueceoded in locating the X-ray source 
more precisely than the ASK experiment had done, 
placing it in the constellation of Scorpio. Hence 
the name of Sco X-1 by which this source bocaino 
knov/n. Tliu same ob.sarva lions also produced evi- 
rlcnco for n acco)id source in the con.stellation of 
Taurus, in the general direction of tho Crab 
Nebula. 

It was clear, of course, that sounding rockets had 
KoriouH limitations ns platforms for astronomical 
observations, the most serious being the short use- 
ful obsoi“vation time (a few minutes). Consequently, 
soon after the discovery of tho first extranolnr 
X-ray sources, a proposal for an X-ray satellite 
was presented to the National Aeronautics and Space 
Administration (NASA) by Glacconi and his team. It 
took many years Jjoforo this project matorialixed. 

In the meantime, however, substantial i)rogress was 
achieved despite the limited facilities available 
to X-ray astronemors. 

7 ' ' 

f 

1.2 Progress in the Pre-Satellite Period 
(1962-1970) 

Lot me begin with the technical developments. 

a) The early free-spinning rockets were gradually 
replaced by pointing rockets ; i.e., by rockets 
whose detectors could be pointed in a specified 
direction, or made to sweep slowly across a speci- 
fied band of the sky. 

4 

b) In 1964 George Clark introduced the use of 
high-flying balloons. Using scintillation counters 
as well as gas counters, high-flying balloons 
gathered imjjortant data concerning celestial X-rays 
.with sufficiently high energy to traverse the upper- 
most layers of the atmosphere. 

c) In 1905, MJnoru Oda, then a guest of MIT, 
invented a novel kind of collimator, tlie so-called 
modulation collimator , which became an essential 
component of many future rocket (and satellite) 
instrumentations (Ref. 4). Without entering into 
details of its operation, I shall just mention 
that the morjulation collimator combines two most 
desirable features, that are mutually exclusive in, 
tl>e conventional collimators, i.e., a wide field 

of view and a fine angular resolution. ] 

d) Great progress was made in tho development of 

jtho grazing incidence telescope during the 1960s. 
iThis telescope, aboard rockets and as one of instru- 
jmonts of Skylab, yielded a largo nuii^ber of impres- j 
jsivc and highly informative X-ray images Of the . 
;S,un. . 
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'Turning next to the observational roaultB, I would || 
liko to mention, in tho first plnco, that by 1970, |! 
;i.o., by the end of tho pro-Batellito period, about'’ 
j40 diacroto X-ray bouitqs had been djscovorod. j 
, Their eolostJal distribution .showed a Birong eon- 1 
,coi)tration along the galactic equator, a clear i 
indication that most of tliem were galactic objooto, \ 

As Boon ns the cxistonco of oxtrnoolnr X-ray 1 

sources bocame establishod, efforts were directed <■ 
toward discovering their optical and/or radio I 

■ counterparts. The first identification - a mile- ' 

Etone in Uio history of x-ray astronomy - was I 

■ acliicvod by tho NRL group in 1964 (Uof. 5) . I j 

already mentioned that previous obsorvations by i 
the same group had detected an X-rny source in the- ) 
general direction of tho Crab Nebula, tho remnant | 
of tho supernova observed tho year 1054, a lunar ' 
occultotion of this nebula, which took place on [ 
July 7, 1964, provided tho opportunity to deter- 1 
mine whothor thin source v;as, in fact, coincident j| 
with tho Crab. The NRJj group succeeded in launch- 
ing a rocket equipped with X-ray detectors at tho | 
beginning of the occultation. Tlioy found that tho 
X-ray flux dropped gradually to zero as tho vis- 
ible nebula was being occulted, which i>rovcd con- 
clusively not only that the Crab Nebula was jndood I 
tho sourcu of the observed X-rays, but also that 
this particular source wan appreciably extended, ? 

with a dinmotor of several arc minutes. ; 

The discovery of an X-ray emission by the Crab | 

Nebula was followed by the identifications of a | 
few additional X-ray; sources with supernova relna- | 
nants. Sowo of the identifications wore fairly S 

certain, others were tentative. The character- r; 

istic feature of tlicse sources was their finite 
angular dimensions, ranging from a few minutes of j- 
arc for the younger remnants to a few degrees for (I 
the older remnants. Tho groat majority of the f) 

X-ray sources, however, did not coincide v?ith j 

supernova remnants. They appeared as point-like ;| 

"stars" and for this reason they became known as t 

"X-ray stars." 

i-i 

The optical identification of X-ray stars proved 
to be more difficult than tho detection of X-ray ; 
sources in supernova remnants. The first and only [ 
firm identification of an X-ray star achieved in 
!tbe pre-satellite era was that of Sco X-1, in 
'1966 (although, shortly thereafter, another pos- ; 
sible identification, that of Cyg X-2, was pro- ! 
posed) . The identification of Sco X-1, still : 

another land«ark in the history of X-ray astron- { 
omy, was the result of the collective efforts < 

by two X-ray teams [at ASK and at the 
Massachusetts Institute of Technology (MIT)] and j 
of two teams of optical astronomers (at the 
observatory of Tokyo and at the Palomar Observe- ] 
tory (Refs,. 6,7). The optical counterpart of | 

Sco X-1 was found to be a 13th magnitude star j 

(see Figure 1) , with very peculiar properties. i 

Its optical emission exhibits a most unusual j 

flickering activity. The spectrum has a large } 

blue and ultraviolet excess. Both the optical | 

luid the X-ray emissiors are highly variable. At ' 

all times the X-ray luminosity is about 1000 , j 

(times greater than tho optical luminosity. 

• ' ' i 

•An important property of X-ray stars was estab- i 
jlished during the early years of X-ray astronomy. j 

iMost, perliaps all of them, undergo strong tern- f 

poral variations, with time scales ranging from | 

minutes to years. The first evidence of long- |i 

term variation was found by the NRL group in the |] 
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X-ray Btfti’ cy<j X-1. Tho firyt etrikirig exomph' of • 
nhort-tJmo varintionH won wi X-roy finra of sco x-3. 
obPorvcU 4n 3907 jlwriny ft bnUoon flight, by Walter 
bowln and liia aBaociatoH at MiT (Kef. a). 

Kxtromci CH&08 of VAiiftbllity wore tv;u ir^mBiontt i , 
con X-?. ami Con X-4, obnorvod in IPOV and i.9C>9 by 
an Auntrnlian grouj> (Hof, 9) and by a group at tho 
I.OH Alnmon Scientific Laboratorlon (Hof. JO) ro- 
cpeotlvcXy, I'lioriO Bourccs flnvod up ht pi neon 
whoro pu'vioufi nueveyf; bad failed to detect any 
X-ray aourcoj for boimc time they outaliono moot 
other BourcoB and then gradually faded, bocominy 
again unobnor vab3e after eevural montlia. 

Finally, J winh to recall that already in tho early 
yenro of X-rny antronomy evidence wan obtainod for 
powerful X-ray cminnion by eoiiio oxtragaluctic 
objocto. In 1906 t)io NHI, group rcpcn tvd the ohaer- 
vfltion of an X-rny nourcc in tho Virgo cluster, 
tentatively bnsumed to bo coincident wiUi the radio 
galnxy M-O? (Ref, 11) , In 1970 the same group 
found evidence! of X-rny emission by ih« radio gal- 
axy Con A (Kef. 1?) ; in 1909 and 1971 resj)ectivc3y 
tlio X-ray group at tlio Lnwrenco Radiation bnbora- 
tory detected X-ray omisiiion from tlio Largo and 
t)iG Small Magellanic Clouda (Refs. 13,14). 

In parallel with the progress of obeorvationnl 
X-rny astronomy, active interpretative work was in 
progress. 

Only in tho cose of tho Crab Nebula a clear under- 
standing of the X-ray cmisnion mechanism was 
achieved. 

As Is v/ell known, the optical and radio cmicsionr. 
of thin object are due to a syucljrotron process. 
Since the X-ray spectrum appeared to bo the more or 
less natural continuation of the optical spectrum, 
it was rintural to nssujue that tlie x-ray emission 
was duo to the same process; and this, in fact, 
became the prevailing view, although the possibil- 
ity of other emission processes were suggested. 
Anticipating a result obtained several years later, 

I wish to mention that tho synchrotron mechanism 
was definitely confirmed in 1976 by Novick's group 
tit Columbia University (Ref. 15); by moons of on 
X-ray polarimotor mounted on the OSO-Q satellite, 
tliis group showed that tho X-rays from the Crab 
Nebula are polarized; polarization, of course, is 
a characteristic feature of the synchrotron radia- 
tion. 

There remained tho problem of the origin of tho 
high energy electrons responsible for the synchro- 
tron process. Lot nio remind you that tho lifetime 
of relativistic electrons in a magnetic field is 
inversely proportional to their energy. Electrons 
of the energy needed to produce ’'iuible light via 
the synclirotron process, in tb?- magnetic fields 
likely to exist in tho Crab Nebula, have a life- 
time comparable with the ago of the nebula itself. 
Therefore, before the discovery of the X-ray 
omission, one could assume that tho electrons were 
somehow generated in the initial explosion. But 
tho electrons needed to produce X-rays had much 
higher energies, and correspondingly shorter life- 
times. It was thus necessary to assxime that an 
electron accelerator was even now at work in tlie 
.Crab Nebula. The problem was to identify this i 
“accelerator. ; 

j 

jThc answer came in the late 60 's, with the dis- ; 
*covory of a 33 milliseconds pulsar within tho Crab ' 


Nebula by David Staolin and Edward RoifcbBteln of 
MIT; piouumably tlio collapeod roeiduo of tho puper- 
novo explosion (Rof. 10) . 

Like only another pulsar (tho Vela pulanr) , tho 
Crab pulsar has a spectrum extending up to t)»e 
gnmma-roy region. (X-rays from t)io Crab pulsar 
wore observed first by G. Fritz and his coworkcra 
nt NJU. (Fof. 17), and shortly thereafter by Halo 
Dradt and his cowo;*Kors «t MIT (Rof. 10)). Pulsnr.v 
ore believed to be rotating magnetized neutron 
stars. Tlicrc is little doubt thot the Crab pulsar 
Ip ropponuiblQ for tho acceleration proconsofl 
needed to sustnln the population of high energy 
oloctrons in the nebula. No natisfactory theory 
of these procoBsoB has yet boon devoloj)ed; but ■ 
tho identification of tho oloetrem accelerator 
with tlio pulsar apponrs to bo supiiortod by the 
following energy argument. The Crab pulsar was 
found to be slowing down gradually, tho pulsation 
period inct«ni)ing by one port in 2400 per year. 

Tho corresponding loos of rotational kinetic energy 
turns out to be close to the total radiation energy 
emitted by tho Crab. This coincidence strongly 
suggests that tho radiation energy of the Crab is 
indeed derived from the rotational energy of 
tlio pulsar. 

Not much progress was made, in the pro-satellite 
era, in the interpretation of the X-ray omission 
by supernova remnants other than tho Crab Ne)>ula. 
The obsorvationtil data were scarce and of limited 
accuracy. They did show, however, that the X-ray 
spectra arc generally softer than that of the 
Crab, suggesting a tliermal radiation rather than 
a synchrotron radiation. 

Turning next to Sco X-1 and the other X-ray stars, 
as late os 1970 their structure and emission 
mechanism v^ero still obscure. Crude spectral 
moasurements appeared to indicate that the bulk of 
tho X-ray emission (in tho range from **1 to -10 
keV) was tliermal brcmsstrahlung by plasma clouds 
with temperatures of several tens million degrees. 
However, in the case of Soo X-1, for examxjle, the 
presence of a high-energy tail and of optical 
emission lines were evidence of a complex 
structure. ‘ ’ 

Several hypotheses were proposed to explain the 
peculiar properties of X-ray stars; one of the 
basic problems being the very largo energy supply 
needed to power the X-ray omission. One of tlie 
suggested models was tho so-called accretion model 
according to which X-ray stars were close binary 
systems, each consisting of a condensed object 
(a white dwarf, a neutron star, a black hole) and 
of an "ordinary" star. Hatter would accrete from 
the "ordinary" star to tho condensed component, 
releasing a large amount of gravitational energy 
which, in some way or another, was changed into 
thermal energy (sec, c.g. Rof. 19). While this 
model had many attractive features, it lacked, any 
observational support, because no evidence had 
been found for a binary nature of X-ray stars. 
Moreover, 1:hero were serious doubts that a binary 
system could survive the supernova explosion of 
one of its components, which was deemed necessary 
for the gejioration of a collapsed object. 

2. THE X-RAY SATELLITES • 

1 i 

The launching, on Dec. 7, 1970, of SAS-1, the first 
,in the NASA series of Small Astronomical satellites 
and the first satellite devoted to X-ray astronomy. 
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wftH (I turning point in the history of this field . 
of ncionco. Nunied Uhuru, it had boon cwiceived by, 
Cinceoiiii who had oupesvlsed the construction (at j 
ASK) of itn DcJcntific pnyloftd (boo Piguro 2) . j 
This conBlBtGd of two thin-window countcrB mounted | 
bac)i to buck, and pointing jiorpondicuiurly to tJie 
Bpin axio. ' 

I i 

Many additional uatellitou woro Invmchod in the i 
following years, Dome dovoved entirely to X-ruy 
mitronomy, Dome inntrumonlod to carry out X-ray 
observations as part of a more conijirohonaivc astron- 
omy program, A })nrtial list apponra in Tabic 1. 

In t)»OBO Batcllitea, witli the oxcoj»tion of liKAO-2, 
practically all X-ray oboorvationB wore performed 
by instrumenifi oosoutially similar to those employ- 
ed previously in rocket and balloon cxjjorlmontsj 
i.e., by larqo-aroa, thin-window, collimated photon 
counters. Modulation collimators, operated in 
various roanmu's, wero widely used. By their moans, 
angular resolutions on the order of 20 are seconds 
wore often acJjioved. Occasionally, some grazing 
incidence concentrators were also employed. As in 
many rocket mlsslopii, star sensors provided aspect 
dotormination. The output signals of the X-ray 
detectors and of the star sensors wore telemetered 
to groutul . 

Satellites provided X-ray astronomers with far 
superior observational facilities than had been 
previously available. An essontlal feature of 
Uhuru and of the subsequent satellites war. aspect 
control (an extension of the previous pointing 
device of rockets), which could bo used, on command 
from the Earth, to cause tlio X-ray detectors to 
sweep slowly and repeatedly over a chosen band of 
the sky, and/or to point steadily, for long periods 
of time, in a chosen direction. This feature re- 
sulted,. as expected, in a largo increase of sensi- 
tivity vIx 2 bb predictable was the fact that the 
long {ift'tormittont or continuous)' observation of 
individual X-ray sources would play an essential 
role in discovering the nature of tlieso sources. 

The launching in November 1978 of HEAO-2 (No. 2 in 
the NASA scries of the High-Energy Astronomionl 
Observatories) was another step of fundamental 
importance in the development of observational 
X-ray astronomy. 

As I already mentioned, lIEAO-2 carries a grazing 
Incidence telescope, the first to bo used for extra- 
solar X-ray astronomy. Conceived by Giacconi and 
developed over an 18 years period, it has a sensi- 
tivity almost 1000 times greater than that of de- 
tectors flown on previous satellites. Its angular 
resolution (about 2") is comparable to that of 
ground-based optical telescopes. 

This telescope has produced a wealth of new and 
most important results. I understand that these 
w‘ill be presented by Dr. Murray. Here I shall focus 
on the most significant findings of satellites 
equipped with the conventional thin-window gas 
counters. 

One of the purposes of the early satellites was to 
discover weak X-ray sources and to determine, with 
some accuracy, their position. This purpose was 
achieved with great success already by Uhuru. The j 
flnol Uhuru catalogue contains 339 sources. Their j 
celestial distribution is shown in Figure 3 . 

(Ref. 20). For comparatively bright sources, this •' 
’map is still the most complete available to date. | 
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Many of the Bourcos in the Uhuru map wore* i«Jonti- 
fied optically on t)io ba$io of poflltlone accurate 
to a few ore minutes or bettor. The cluatnring of 
the stronger sources olong the galactic equator, . 
already noted on t)»o basis of t)io much more mooger 
oamplo available in the pro-Batollito era, was I 
confimod. Moreover a crowding of sources around | 
the galactic center became evident. Obviously I 
most of those sources are galactic objects. How- j 
over, a nearly spherical distribution of weak 
sources is now clearly seen; most of these sourcoB i 
are distant gnlnxiet). 

3. BINARY X-RAY STARS 

3.1 Uiscovery of the Binary Nature of Cyg X-1 
and Cen X-3 

Wliilo tlio detection by Ul>uru of a largo numl)or of 
now X-ray sources was an important achlovomont, 
of oven more fundamental significance weu* tlio 
results concerning individual sources. Among these 
results two stand out. The first, in galactic 
X-ray astronomy, is the discovery of the binary 
nature of x-ray stai's. The second, in extra- 
galactic X-ray astronomy, is tlio discovory of X-ray 
sources in clusters of galaxies, the demonstration 
t)>at these sources have finite dimensions (Ref. 21) 
and that the X-radiation originates, not in the 
individual galaxies, but in a hot gas cloud fill- 
ing the space between the galaxies of the cluster. 

Hero I shall discuss the first of these tv;o find- 
ings. In view of the great importance of the dis- 
covery of binary X-ray emitters, a chronological 
account of the events which led to this discovery 
has some interest. 

This discovery resulted from the observations of 
two X-ray stars, Cyg X-1 and Con X-3, 

Cyg X-1 is one of the brightest X-ray sources in 
the sky. it has a very unusual spectrum, much 
harder than tlic average spectrum of X-rny stars, 
since tlio early days of X-ray astronomy, efforts 
wore made to discover its optical counterpart, but 
those efforts had not been successful. 

One of the early observational programs of Uhuru 
was an attempt to reduce the uncertainty in the 
position of Cyg X-1 and, hopefully, to achieve an 
optical identification. While these observations 
were going on {in December 1970 and January 1971), 
Oda in collaboration with scientists of the ASE 
group discovered very rapid fluctuations in the 
X-ray emission of Cyg X-1; an unusual and puzzling 
feature (Ref. 22) . 

In the meantime, Uhuru’ s observations produced a 
new position for Cyg X-1 accurate to about 20 
square minutes of arc (Ref. 23). Soon afterwards, 
a rocket experiment by the MIT group further 
'improved the positional accuracy, reducing the 
area of uncertainty to little more than 1 square 
minute of arc (Ref. 24). 

In Juno 1971 (the date refers to the time when the 
results were submitted for publication), within 
.this area of luncertainty , Braes and Milcy and 
Hjellming and Wade observed a weak radio source 
'which they tentatively identified with the X-ray 
.source Cyg X-1 (Refs. 25,26) . This identification 
received final confirmation in 1972 from the ob- . 
’.servatlon of .correlated changes in the X-ray and 1 
'radio fluxes ((Ref. 27) , | 


ORIGINW- PAGE IS 
OF POOR QU/lUTY 


In July 1971# ft group oC opticnl ftHtyonomure 
reporLotl thnt many obtiOfvorn hncl noUul tlio pro«onew 
of a mipcirgionl;# llini-22()B6l!, near tlio rncUo Bourca 
and had Bugejented that it iiifiy bo «BHOci«totl with 
the X-rny Bourcc (Hof. 20), ibo authorn# however, 
oxproKBod Btrong doubtB about tliin coneJuBiem, hut, 
nJiortly thoronCtor, Murdin and Wuliotor proBonted 
convincing evidence for t)io identification, bacod 
largely on the very email poBiiloiml error (30 ore 
Kocondn) of the radio eourco (Kef, ?9) , duBt on 
the banie of ponitional coincidence between the 
X^ray nource, the radio nource ond the. nuper giant, 
they argued that the t)>reo objocto were most likely 
one and the uainc eeiectiftl body. Intcroetingly, 
they thought tluit "the X-ray courco may be a com- 
panion to tho Buporgiant rather tlinn identicaJ to 
it;" pcrliapB the, firet tentative indication (other 
than tho conaogu' neo of tho ntill highly hypotheti- 
cal accretion model) ilia Cyg X-1 may bo a binary 
ay a tern. 

Later in 1971, still stronger evidence for the 
identification wae produced by Wade and lljellming 
who verified the nearly perfect spatial coincidence 
butween the nupergiant and tho radio source, after 
having now reduced tlio positional error for the 
latter to less than 1 arc second (Rof . 30) . 

In the meantime Wcbfitor and Murdin in Nov. 1971 and, 
independently, Holton in Doc. 1971 reported obser- 
vational reaultf) of great significance, showing 
thnt tho optical spectral lines of HDE-226868 dis- 
played the chax-acterlstic Doppler shifts of opoctro- 
acopie binaries. Those observations were one more 
.corroboration of tho proposed identification. 
Moreover, they provod that the supergiant was part , 
of n binary system (Kefs. 31,32) . The authors 
•pointed out that tho X-rays almost certainly origi- 
nated from tho unseen partner (no double set of 
poriodi«Blly Doppler shifted speqtral lines wore 
observetf) , and thnt this object must be a collapsed 
'star. 

1 

Prom accurate Doppler curves (sec Figure 4), it was 
possible to obtain information on tho orbital ^ 
elements. In particular, it was found that the j 
orbital period was 5.6 days. 

i 

i 

Meanwhile, tho discovery of the fast fluctuations 
in the X-ray emission of Cyg X-1 hod prompted a 
search of a similar phenomenon in other X-ray 
stars. The first X-star selected for this study 
was Cen X-3, whoso X-ray emission was known to be 
bighJy variable. Early observations by means of 
Uhux'u, which were reported in May 1971, revealed 
that t)iq X-ray emission of Cen X-3 was indeed 
pulsed. However these pulsations, unlike those 
of Cyg X-1, were periodic, with a period of about 
4.8 sec. Moreover, sudden transitions were obser- 
ved between states of high intensity and states of 
low intensty. Also the pulsation period was found 
to Undergo small changes (Ref, 33) . ; 

In January 1972, after collecting a substantial 
amount of data, and having developed an offoctlvo 
method of analysis (illustrated below) , the Uhuru 
scientists recognized that the observational re- 
sults inevitably led to tho conclusion that the , 
X-ray source in Cen X-3 was part of a binary system, 
with an orbital period of 2.87 days (Ref. 34). Tho 
.variations in the pulsation frequency wore the re- ; 
suit of a Dopple,? effect due to the orbital motion 
of the source. Tho periodic obscurations of tho 
•X-ray flux were eclipses of the X-ray source by the 

binary companion, (This was optically identified | 

...» ^ ^ 


!by Krzomlnfiki in 1974, and turned out to be a 
;Buporgiftnt.) s 

i 

;t1iub, within n sJiort time, tho binary noturo of 
two, quite different X-rny stars, cyg X-1 and 
.Con X-3, bocamo firmly astublishcd. 
i 

The Uhuru grouji prosontod the data obtained from 
^the observations of Cen X-3 in tho form shown in 
.Figure 5. T)ie dots on the upper curve A are tlio | 

diffcronccB between the moosurod delays of tlio ! 

pulses, relative to a fixed time, and tho "nominal"! 
dolflys computed as if all pulse intervals liad some • 
constant vnlxio (T *» 4,9422 in tho figure); note 
tho remarkable sinnll scattoriiig of tho points, 
curve D is tho differential of curve A, and rcpix— 
Isents (apart from a constant) tho pulsation per- 
iod, as modified by the Doppler effect, Grup)i C 
roprofionts (schematically) tho time variation of 
the intensity, and clearly shows tho occurrence 
of an eclipse. Tliis is ceniorod at superior con- 
junction, where the motion of tlio X-ray nource is 
perpendicular to lino of sight, and thox"oforo 
tho Doppler shift is zero, in agrooniont with curve 
U, (Note thnt tho sinusoidal shapes of curve A 
and H signify a circular orbit.) 

3 , 2 Hlqh-Masa X-ray Dinarios 

In the following years, a numlior of odditional 
pulsing X-ray binaries, similar to Cen X-3, wore 
discovered (the first being Her X-1, discovered . 
by means of Uhuru (Ref. 35)]. About 17 such binar- 
ies are known today. Their energy output varies 
from about 10^® org/soc to about 10^° erg/soc. 

(For comparison, the total luminosity of the Sun 
at all wnvolengtlis is 2x10^^ erg sco“^.) Their 
periods range from 0.7 sec to 035 sec. Samples 
of tho pulse shapes of 14 pulsators are shown 
in Figure C. 

The discovery that some at least of tho X-ray stars 
arc binory systems provided crucial support for 
the view that X-ray stars are powered by accretion, 
a view which soon became generally accepted. As 
‘.I already noted, this assumption implies that tjie 
accreting partner of the binary system is a col- 
lapsed object; i.e., a white dwarf, a neutron 
star or a black hole. The fast pulsations supply 
comfirming evidence of tho very small dimensions 
of tho x-ray source. ; 

There remained the question as to which of the 
three possible collapsed objects was actually pre- 
iscnt in the X-ray stars. 

i 

Let us consider first Cyg X«'l. 

In their paper, reporting the evidence for the 
binary natpro of this X-ray star, Webster and 
Murdin as well as Bolton estimated a minimum *valuo 
if or the mass of the collapsed partner, on the 
♦basis of the optical data. They found values 
which appeared to be higher than the upper limit 
; for the mass of a white dwarf or a neutron star, 
land, cautiously, advanced the hypothesis that tho 
collapsed object may bo a black hole (W. and M. : , 

• "It is' inevitable that we should speculate that j 
'(the collapsed object) may be a b.lack hole." , j 
iB.s "This raises the distinct possibility that the 
secondary is a black hole.") 

I Since then, the conclusion that Cyg X-1 contains 
la block hole has been reinforced by more accurate 
'estimates of the mass of the collapsed object 

’ " 7~z r . 
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f (noo, for oxnmplti, Rof. 3C). It hn» oleo survived 
Ittltornntp tentative Jnterprotntdons of Hip obnor- 
‘vfttlonal data, invoking a comislox structui’o of 
Cyg X-I. 

I may udd that tbe very unununl eppctrum and the 
peculiar occurronco <?T very rapid fluctuntion® in 
the x-ray cminnion ntronyly suggoet that the col- 
lapaod objoc in Cyg X-1 in different from the 
collaiJBOd objoftB in the pulolng bln»nrip.n which* 
an wo clinll presently bgc* have been identified 
with neutron ntarn. 

In conclunJon, the obnorvntlonnl data concorniny 
Cyg X-3. are certainly tlio mont convincing direct 
evidence for tlie onistcnce of black holon in our 
golnxy so faj,’ available f but whoihor thin evidence 
should bo regarded nc decisive, in a matter alill 
subject to debate. 


I It may bo wortli mentioning, at this point, that 
•often an optical identification, initially sug- 
[ gested by positional coincidence, has been con- 
; firmed unoqui, vocally by the observation of the 
; lleht curve of the optical candidate, bight 
: curves are periodic variationu of the light flux 
in phase with the orbital motion of the neutron 
Btnr. 'ij)oy may be produced by two offeetB. ‘fhe 
first effect is tieobing and conBoquont bulging of 
that portion of the ordinary star which faces the 
X-rny omitting partner, Ijio second effect ia n 
tidal of feet , i.a,, a deformation of the ordinary 
star by the gravitational field of the partner. 
This effect causes the star to acquire the ahopo 
of an ellipeold, which rotates in phnao with the 
orbitol motion. Heating effects tend to produeo 
a single light maximum at inferior conjuetioni 
tidal offccte tend to produce two liglit maxima at 
quadrature. 


Turning next to the pulsing X-ray binariofi, wo can, 
in the firnt place, rule out black hoi on as the 
collapned objecu-. because block holoo are not capa- 
ble of producing tJu> obnorved extremely regular 
pulsations. White dwarfs can be ruled out in the 
case of the X~roy .stars with pulsation periods of 
tiio order of one second (llor X-1, SMC X-1), simply 
because wliito dwarfs cannot rotate that fast with- 
out being disrupted by contrifugol forcoo; nor, it 
turns out, can they vibrate witli such high froquon- 
cies in tlio extremely stable monnor observed. 

There are otlu'r reasons, valid also for most of the 
Blower pulnators, wlilch strongly sp(sa); against 
white dwarfs. One of them is the unreosonably 
large rate of accretion that would bo needed to 
produce t)io observed x-ray fluxes, because of the 
fact that the potential well crented by a white 
dwarf is about 1000' times loss deep than that 
created by a neutron star. [Actually, theoretical 
argumqn,^s have shown that accretion onto a white 
dwarf cannot produce intrinsic X-ray luminosities 
greater than a few times 10^“^ erg soc“^ (Refs. 37, 
38,39)3. Another very convincing argument is based 
on the fact that the pulsation frequencies of most 
X-ray pulsatora for wliich sufficiently accurate 
moasuromonts are available have been found to 
increase gradually over periods of years. The 
observed rates of increase are quite consistent 
with estimates of the torques exerted by the accret- 
ing material on the collapsed objects, if tlmso 
are assumed to be neutrons stars,* they are much too 
large, however, if the collapsed objects are assum- 
ed to bo white dwarfs. The reason, of course, is , 
that the moments of inertia of white dwarfs exceed 
by many orders of magnitude those of neutron stars 
(Refs. 40,41). 


Sununariidng tlio results presented above, we arrive 
at the following picture, 

There exists a class of X-ray stars consisting of 
binary systeroy, each formed by a collapsed object 
and a nuclear-burning, heavy (usually very heavy) 
ordinary star, in one case, among thos.e reported 
to date, the collapsed object is (probably) a 
black hole; in all other cases it is a neutron 
star. To distinquisli these from other X-rny stars 
wo may want to call them high-mass X-ray binaries . 

In these objects, matter gradually accretes onto 
tho oollapr.od partners from the ntmosphoro of the 
ordinary star. Since the collapsed partner has n 
mass similar to that of the Sun, but much smaller 
dimensions, it creates a deep well of gravitation- 
al potential. Falling i'-.to this well, the accret- 
ing matter releases a largo amount of gravitation- 
al energy. This energy is somehow converted into 
thermal onergyi tliua a very hot, ionized, plasma 
is produced, whose thermal brcmsstrahlung lies in 
the spectral range of X-rays. Most neutron stars 
are belioved to be strongly magnetized and in a 
state of fast rotation. Tlio accreting plasma is 
guided by jthc magnotio field lines toward the 
magnetic poles. The result is an X-ray source 
unevenly distributed over tho surface of tlie neu- 
tron star and in its lower atmosphere. Rotation 
of the neutron star, tlion, produces the observed 
pulsations. Absorption and scattering in the 
s'crroUncUng gases govern the details of the pulse , j 
shapes. (Magnetization of tho neutron stars orig- 
inally hypothesized to explain the pulsations, 

.has since been confinned by the observation of a 
cyclotron lino in the X-rny spectrum of Her X-li 
BOO Ref. 42) . 


in conclusion, there is practically no doubt that 
the collapsed objects in tho pulsing X-ray 'stars 
are neutron stars. The observed pulsations are 
explained ns due to the rotation of these stars. 

This implies that the X-ray source is not axially 
symmetric with respect to spin axis; magnetic fields 
are supposed to bo responsible for this asymmetry; 

I shall return to tliis point later. 

In most cases, pulsing X-ray stars have been opti- 
cally identified. The optical counterparts are 
generally found to be O or B stars, often in the j 
giant or suporgiant luminosity class. The optical 
counterpart of Her X-1 is an F star with a mass 
'equal to a small multiple of one solar mass. There 
•is one pulsing X-ray star (3U 1627-27) with a mass, 
iof only a small fraction of one solar mass; 1 shall 
'discuss this object later in some detail. | 


Until now, our discussion has been of a qualita- 
tive nature. It will be appropriate to add here 
some simple quantitative arguments. 

Let us consider first the luminosity of X-ray 
stars. 


‘ It is well known that the luminosity of a source 
i powered by accretion of infalling plasma is sub- 
ject to the condition that the force exerted on 


. the plasma by the radiation pressure not cxcec 
i the gravita^ tonal attraction by the accreting 
j lOody. 


In the case of a plasma of pure hydrogen, wo ob- 
tain the limiting luminosity value Lg (the so- 
called Eddington limit) by equating tho force 
exerted on a proton by the gravitational field . 

' V,».- i'M > iCm 
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to tJiti force exerted on an electron by the rndio- 
tlon proBfturo. An olementary computotion yleldiBj 


4llo GM 


T 




(X) 


where G » O»660xlO"° dyn the gravitational 

conatanti ** l, 07 xlO“ 2 't tlie proton maan, 


u,p » 6.7x10"^^ cm^' ia the itompaon crooa-Boctlon 
and H ip tl»o wsan, in grotwi/ of the accreting body, 


VJith the nvimcricol vuluon of tlio qonntnnta, and ox- 
presBlng the mane of thes ac^rroting body in terms of 
the wane of the sun, ".nio^^ g) wo obtain i 

m 1,25>«10^® erg bcc‘ ^ ( 2 ) 




It is intercnling to note Umt the luminonity of 
X-ray Btnrn often ftpj»roaches», in aonio coeeo Beoin- 
Ingly exceeds < the Rddington limit. Of courco, a 
variety of caunon may ronult in approeiab3e dovia- 
tionc of tlic upper luminoolty limit from the 
Eddington limit, on given by Eg. (2) . The numor- 
icnl eooffloient in thin equation io computed for 
t))Q cnEO of pure hydrogen* Subatantial admixture 
of heavier elements would increnfio the value of I. . 
Moreover tlie computation of bj,* aBSumes tiymmotri.e 
inflow, an acoumption hardly juBtifiod in the pre- 
sence of a magnetic field, also no account has 
been taken of the posBiblo presence of forcoa other 
than thoBO due to the gravitational field and the 
radiation presBuro (bucIi bb might be exerted by 
the magnetic field on the moving plasma). 

Let UB turn next to the ntcaouromont of the para- 
motors which characterlaod the binary system, 

» • 

The parnmetor which is most easily derived from 

the observations in tlie orbital period T. This 
may bo dff>torminod from the eclipses (when present) , 
from the optical light curves, from the Doppler 
curves of tlio x-ray pulsations. 


Knowledge of T makes it possible to estimate with 
fair accuracy the overall dimensions of the system. 


in the case of circular orbits, an elementary com- 
putation yields the equations 


m + tn 
X op 

(a + a ) ^ 
X op' 



(3) 


where mjj and in^p are the masses of tlie neutron’ 
star and of thu optical partner respectively, and 
^xt “op radii of their orbits in the center 

of mass system. One can show that Eq. (3) is valid 
also in the case of elliptical orbits if and a^p 
are interpreted as the major semiaxos. 

With the numerical values of G, with the total 
mass of the system, ^lnd mQp, expressed in terms 
of the solar mass, H^j, and with + aop expressed 
in terms of the solar radius the solar radius, 

R* (b 6.955X10^0 cm) Eq. (3) yields; 



■ I 

'where is the orbital period in days. The total 

• I , . , 


m» 8 B of tlio system, m + Wop; always bo esti- 
mtm approximately I since Eq. 4 contains only its 
cubic root, its exact value is of no consequence, 
Therefore, the exactly moasurable quantity T(j is 
Bufficlent to determine a fairly accurate value 
for the quantity + app, a quantity which repre- 
sents the dimensions of the binary system, exactly 
in the cast* of circular orbits, approximately in 
the case of elliptical orbits. 

The Doppler effect of the X-ray pulsations, which 
can bo meanured with groat accuracy, Ja a very 
important source of informution. 


To begin with, t)ie ehapo of tJio Doppler curve pro- 
vides information on the eccentricity of the 
elliptical orbit of t)>o neutron Btar. lit is 
found that poroistent pulsing X-ray EtarB, like 
Con X-3, have nearly circular orbite. TransIcntB, j 
like A0535+2C (r,eo below), have highly elliptical J 
orbite. J 


From the Doppler curves one can alno derive an 
accurate value for the major aemioxiii of tlio neu- 
tron star orbit in the center of maos cyotem, 
projected onto the lino of sight, i.e . , for tJio 
quantity sljii , where i ic the inclination angle 
of the orbit (angle of the plane of the orbit wit); 
the plane of tlie oky) . 


Newtonian mechanics, then, yields the equations 




jinH 


^ (a sini) ^ 






(5) 


(the derivation is quite elementary in the special 
caoe of circular orbits). 


The functions 


m^^3 sin^i 

f „ 


contains only accurately roeasurablo quantities. 
Known ns the mass function , it is an important 
ingredient for the evaluation of the parameters 
of the binary system. As one can iiiunedintoly see, 
it represents a lower limit for the mass of the 
ordinary star. 


The mass functions and other quantities belonging j 
to five among the best known X-ray pulsing X-ray ] 
stars are presented in Table 2 (see Ref. 43). ■] 


Clearly the measurements discussed so far are not j 
sufficient to determine all parameters of the ^ 

binary systems. For this purpose one must moke !| 
use of other pieces of information, derived from 
X-ray and optical observations, most of wliich are \ 
of limited precision. These informations include | 
the duration of the X-ray eclipses, the Doppler | 
effect of the optical spectral lines, the estimate | 
(from the theory of stellar structure) of the mass I 
of the optical partner. ‘ I 


The most interesting parameter of our binary sys- 
tems is the mass of the neutron star. Theory 
predicts that this mass cannot exceed a certain 
critical value at which the nuclear forces and the 
Fermi pressure of the neutrons are no longer capa- 
ble of wiUistanding self gravitation, and the 
neutron star collapses into a black hole. There 



OF POOR QUALITY 




otiU i» Boinc uncertainty about the oroct value of 
tba thooi'oticnl limiting mane, neutrons in a neu- 
tron fiUr are more clonoly, packed than nucleons in 
an ordinary nueleuH) thorefoxo thoir interaction 
cannot be detorminod from laboratory moaauroinentB, 
but must be ontimated^from an extraiiolntion of the 
data provided by oxporiimjntn in nuclear phyaica, 
However it in generally believed that the limiting 
mann of neutron (ilarn is near 2 solar mansoa/ in 
any cbho Icoo than 3, 

The complex problem of how to ugo the obnorvational 
dota to obtain the moot accurate values of the 
binary paramolerfi (and, in particular, of the maanoa 
of the collapned objects) wan carefully examined 
by Yoram Avni of the Weixmann Institute, by dohn 
Dahcoll of tlio Institute for Advanced Studion in 
Princeton, and jointly, by Saul Uappaport and Paul 
Jobs of MIT (hefa. 44, 30, 45), uappaport and dotis 
applied the methods developed in those studion to 
five X-ray hinaricn ntaro for which the most uoeful 
data wore nvailolilo. The analysis produced values 
of ttio neutron ntnr mabcos, accurate to about 301 
(oeo I'igure 7), None of the mass values thus found 
contradicts the theoretical predictions concerning 
the maximum value of n neutron star mass. It is 
of somo interest to note that tJie observational 
data are consistent with the view tliafc all neutron 
stars have the same mass (equal to 1.4±0.? solar 
masses) but, of course, do not prove that this is 
so. (It may be noted, that the most accurate deter- 
mination of tlie mass of a neutron star came from 
the data concerning the binary, radio pulsar 
PSR 1913+16. Analysis by dooeph Taylor and co- 
workers gave: m *» (1.3±0.15) M^) . 

To provide some concrete fooling for the geometry 
of hlg)»-masn X-ray binaries, Figure 8 shows (sche- 
matically) the trajectories of the neutron stars in 
seven ^uch object.^, estimated from available 
observational data. 

Returning to the accretion process, let me stress 
that this is a very complex phenomenon. It has 
boon the subject of many elaborate theories, which 
cannot be discussed bore in any detail. These have 
been reviewed by Frederick Lamb of the University 
of Illinois and by Vytenis Vasyliunas of the Max- 
Planok-Instltut fUr Aeronomio (Refs. 46, 47). 

Basic to all theories is the structure of the grav- 
itational field of a binary system, which may or 
may not be modified by centrifugal forces, depend- 
ing oji whether or not the atmospheric gases of the 
donor star partake of the rotational motion of the 
two stars around their common center of mass. In 
either case, tlic cquipotential surfaces in the 
vicinity of the two stars have practically spher- 
. ical shapes. With Increasing distance, they become 
elongated and eventually join at a point, called 
the inner Lagranqian point . The two portions of 
this singular equipotential surface are the so- 
called Roche lobes , shown in Figure 9. Their dimen- 
sions depend on the distance between the two part- 
ners and on thoir mass ratio. Beyond the Roche 
lobes the equli)otential surfaces envelope both 
stars. 

Somo stars, such as the optical counterpart of 
Her X-1, have normally stationary atmospheres, 
which are prevented from escaping by the gravita- 
tional forces. The situation is changed when a 
star belongs to a binary system. In the course of 
, its evolution away from the main sequence, its 
. ■ atmosphere expands; eventually it will fill the ! 
f^pcho lobe and spill, across the Lagrangion point, 


into the potential wail of the partner, Thin, in 
fact, is BUpposod to happen in the oaso of Her X-1, 

Other kinds of stara, such as the 0 and H stars 
(particularly those in the giant and suporgiont 
luminosity classes) are oupposed to have atmo*< 
spheres wliicli expand continuously into ppacc, 
gonoraling a sto.'lar wind, It is thouglit that, 
in this case, accretion occurs through the cap- 
ture by the neutron star of a small fraction of 
the atollar wind. It seems, however, that often 
even in the presence of a ctellar wind, the dense 
portion of tJio atmosphere of tl>o optical star 
fills all or a largo portion of itc UocJio lobe. 

In this case the occulting object coinoidoii at 
least approximately with the uocho lobe. Since 
the duration of the eclipse doponde on the dimen- 
Bions of the occulting object, and since tlio 
dimonoions of tlio Rocho lobes depend on the ratio - 
*‘'x/*"opi the identification of the occulting ob- 
ject with the Roclio loon of the optical jiartner 
furnishes still another usofu) relation botween 
the parameters of the system, 

Whether accretion occurs via a stellar wind or» , 
via overflow of a Roche lobe, the accreting matter, 
in general, will have a certain angulor momentum 
with respect to the neutron star. Therefore it 
will not roach the neutron star directly; it is 
generally believed that it will remain temporarily 
trapped in an accretion disk , rotating around the 
neutron star v;ith Kcplorinn velocity, until, in 
some way or another, the angular momentum is 
disBipated, 


A few ef the X^^stars classified’ as high-mass X-ray , 
binaries on the basis of thoir optical identifi- 
cations were found not to exhibit pulsations. It 
is believed that, except, of course, for Cyg X-1, 
these X-ray stars are syatems similar to the 
pulsing binaries. Absence of pulsations can be 
explained by the assumption that the neutron 
stars are weakly magnetized, or that thoir gyra- 
tion and magnetic axes are coalignod. 


I already mentioned the early findings that most 
X-ray stars, undergo largo intensity variations. 
This is true, in particular, for X-ray stars 
classified as high-mass X-ray binaries. Here, 
presumably, changes in the accretion rate and/or 
in the absorption by the plasma cloud surrounding 
the neutron star are responsible for the observed 
changes of flux. 


1 also mentioned a striking phenomenon, noted in j 
the early work on X-ray astronomy, namely the 
occurrence of transients . Transients, at first, ' 
were believed to form a class of objects intrin- 
sically different from other X-ray stars. This 
view was abandoned following the discovery of some 
X-ray stars which, except for their tranaient 
behavior (Table 3) , arc entirely similar to the 
higli-mass )'-ray binaries (or to the low-mass X-ray 
binaries to bo discussed later) . Ibe current 
view is that in some binary systems, intrinsically 
similar to the persistent X-ray emitters, accre- , 
tion occurs only on rare, widely separated 
occasions, possibly because of episodic enhance- 
ments in the activity of the optical partners, 
and therefore in the accretion rates. 


3.3 The Bulge Sources (Low-Mass Binaries) 


For some years, after the discovery of the binary 
nature of Cyg X-1 and Con X-3, the interest of 


x-fciiy flutronomora rtMiiained focusBOtJ on tho hlgh- 
waBB X-xfty Wnasieu. nowPVc:c it was alxoady clear 
tlint not nll j in fact not even moat, X»ray star* 
were objectr. of tliic kind, The cl<?nreflt examplo 
of an x-ray star different from a high-mfisn binary 
wflB SCO X-1, tho only x-ray star optically identi- 
fied before Uhuru, Certainly Bco X-1 did not 
contain a maunivo, luminoun utar, an ohown by tho 
fact that, for Seo X-1, ihu ratio of X-ray to opti- 
cal luminosity is about 1000, many ordorn of mag- 
nitude greater tlinn tho same ratio for tho liigh- 
maBa X-iny blnariea. 

Actually, olnco the early days of X-ray afitronomy, 
ovidonc’o had been produced for the exiatence of 
two different fnmJllea of X-ray etain {aec, o.g., 
Uof. 40) . *i’ho evidence wao baaed on the cclontial 
diotrihutlon of tho aourcoo, on theix intrinaic 
luminofiity, and on their X-ray Bpectrum. 

One family conaiotod of X-ray ntarn cluatered 
around Uie galactic center. Obey came to bo known 
ao tho ''galactic bulge Bourcon," 'I'JiiB turned out 
to bo a iniBnomor, for X-ray ooureeB, pliycically 
Bimllar to Ihone cluntorod around tho galactic 
center, are found alno outside tl)o galactic bulge, 
still I ehall continue, temporarily, to use this 
expression with the understanding that by "bulge 
source," or "bulge- typo 60 ';’'oe," i moan a source 
with propertlOB similar to tlioao of tho sources in 
the galactic bulge, but not necessarily located In 
the bulge. 

Tho second family of X-ray stare was compooed of 
BourcoB contained in a thin disk around tho galac- 
tic equator; those wore called initially "dice 
sources." By the early 70 's it had become clear 
that tho disc sources wore, for tho mpst part, high- 
mags x-ray binaries. But tiie nature of tho bulge 

sources. was still uncertain, 

< * * > 

> 

As late as 1575 tho only firm optical identifica- 
tion of a bulge-type source woo that of Sco X-1, 
obtained, as we havi scon, in 19GG with a rocket 
experiment; although Uhuru had reinforced the ten- 
tative optical identification of a second bulge- 
typo source (Cyg X-2) suggested by Giacconl and 
his collaborator on tho basis of rtekee observa- 
tions. 

Only with tho launching of satellites capable of 
very precise positional determinations it became 
possible to initiate a systematic search for tho 
very weak optical counterparts of bulge sources. 
Parituclarly productive in this observational pro- 
gram was tlie SAS-3 satellite, whoso scientific 
payload was designed and developed by Clark and his 
associates at MIT. Accurate positions of several 
X-ray sources, leading to their optical identifi- 
cation, wore also obtained by moans of tho satel- 
lite HEAO-1 (Ref. 49) . A comprehensive list of 
positions and identifications was published by 
Hale nradt and his associates at MIT (Ref. 43). 
Figures 10a and 10b illustrate the identifications 
of a high-mass binary and of a bulge- type source. 

All optical counterparts of bulge sources turned 
out to be remarkably similar to the optical coun- 
terpart of Sco X-1. Their optical luminosity is 
very small (from one part in 100 to one part in 
10,000 of the X-ray luminosity; whereas for the 
high-mass X-ray binaries tlio corresponding ratio 
r^lnges from 1000 to I/IO) . Their spectra are 
dominated by a flat continuum, which implies a • 
•strong blue and ultraviolet excess, when compared \ 


With tho spectra of ordinary stars* Cenorally 
there aro no abaoiption linos, such as those pro- 
duced by the atmoupiieros of ordinary stars, but 
emlasion linos are usually datocted. Typical 
prominunt features aro the lie 14606 lino and 
tho 114040-4650 complex, 

Dulgo-typo sources have, on the average, a greater 
intrinsic X-ray luminoolty but a softer spectrum 
t)ian the ItJgh-mass x-ray binaries. None of Uio 
bulge Bourcofi bIiowb oclipeen, only one of them 
(4U1037-C7) cxhibltB pulpationo, hike the higli- | 
masa X-ray binarioa, bulge source undergo strong If 
temporal luminocity changes, several caeas of | 
transient behavior have been obaervod, | 

T))c cjuoBtion concerning the nature of the bulge p 
sourcoB haa not yet boon answered with tlto same | 
degree of confidence as that concern jng tho nature I 
of tho hlgl;-mnss X-ray binaries. The prevailing | 
view is that bulge sourcoB, too, aro binary nya- | 
terns formed by collapsed objects accreting mattei ! 
from non-dogenerftto partners. Tho latter, however, | 
are thought to bo very low-maes, nuclear-burning ! 
dwarfs (m < M^j,) ratlior than high-maBO (m > M^j) 
stars. Moot likely, tlie collapsed objoctB are 
neutron staro, although, at tliic time, one cannot * 
rule out tho poHoibility that, in some eancB, 
they may bo white dwarfs or black holou, 

1 should point out that, until ;iow, evidence, of a \ 
binary nature is available only for very few j 

bulge- typo Bourcoo. The belief that all of thoso } 
X-Ptars aro binary Byetoms roots upon tho no yet , ; 
unproven assumption that all bulge sources are 
similar objects. An additional argument is the 
difficulty of finding an alternate credible model 
for thcBQ sourcoa. (Tho suggestion that some of 
tl>em may be collapsed objects immersed in small 
dense clouda of interstellar matter runo counter 
accepted astronomical views, and predicts a much 
higher low-energy cut-off in the X-ray spectrum | 
than is observed) . | 

Presented below aro the observational data support- | 
ing tho binary model for some bulge-type sources. | 

3,3.1 Direct optical observation of the non- 

degenerate partner . Optical observations, 
which, in tho case of high-mass binary X-ray stars, ;| 
provide direct evidence for t5io presevice of non- j 
degenerate objects and therefore for the binary 1 

nature of tho systems, do not afford the same I 

kind of evidence in the case of bulge sources. 

Here one finds that the visible objects, althougj; | 
very faint, still have a greater luminosity than ' 
non-degenerago dwarfs (and a very different spec- 
trum) . It is thus practically certain that most f 
of the optical emission is a secondary .effect, | 
due, presumably, to tho heating of an accretion I 
disk by the X-ray flux. ‘ | 

Wie predominantly secondary origin of the optical I 
emission rules out, in general, tho possibility i 
of establishing the nature and the very existence 
of a non-degonerato component by means of optical 
observations. This possibility, however, exists, 
at least in principle, in tho case of X-stars | 

exhibiting transient behavior. 

Five transient bulge-typo sources wore studied in 
detail (see Tabic 4). In all those cases, the 
sudden appearance of a "new" X-star was accompa- 
nied by the sudden strong increase in tho luminos- 
: ity of an optical object coincident with the 
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x-*tar (flco Rif. I»0) aiifl Pigyro U) . in 
cftBOfl {Cen A0020-00 and Aquila X«J) optical 
asttonomora Buccocdcd in mea&virinq thn apactra of 
tl)o cxcoodinqly faint optical ob;jQctN that wore 
loft boliiml aftot tlio extinction of the X-tay 
HOurcoH. Thaao spectra voio found to bo thooo 
eharactoriatlc of K-d«JarfB| leaving littlo doubt 
that tho three tranniente were lUnoiy ayetema. with 
K*»dwarfw aa thu non- degenerate comixjnentB. 

3,3,2 Opti cal light curve . A pciiodicity. prob- 
ably related” to an oibital motion, han been obuerv- 
od in tho ojjtieal oinlBaJon of Seo X-1 (not, however, 
in the X-ray emiunion) . The period in 0.7U7 doyo, 

<iblf>27-fi7 . Tlie study of thin object - tUf 
only pulying bulge courcc detected to thio date - 
has boon mont illuminating, tbo pulnotionB {7.(i0 
BOO period) wore dincoverod in the SAS-3 rocordn. 
However, extennivo search for a nopplor effect of 
tho j>ulnationn gave nogntlvo renultn, prom a 
critical dificunoion of all avoilablo evidence, 
tho coiiclunion emerged that, if tho binary model 
in coiTuet, 4U1627-67 must be a very compact oyctom 
concltting of n collopced object, almost certainly 
a neutron star, accreting matter from a dwarf ntar 
of not more tlinn a few tenths of one colar mane 
(Rof, 51). Subsequently d. Middlcditch and hin 
collaborators at tlio Lawrence Radiation Laboratory 
of tho University of California, Dorkolcy, pro- 
duced convincing proof of tho binary model by show- 
ing Uiat the power density spectrum of the optical 
pulsations contains dear evidonco of an orbital 
motion with a period of only 2'igo sec (Rof, 52), 

This moans that tho separation of the two binary 
partners is less than one half tho solar radius 
(see Hq, 4) . Thus tho optical data, confirming 
tho conclusions derived from previous X-ray obser- 
vation, b)iow that 4U1627-G7 is an exceedingly 
compact ,l)inary Byntom. 

At this point one may reverse tho argument and 
inquire if the assumption that all bulge sources 
arc binary systems runs against nny observational 
evidonco. One difficulty is the total absence 
of eclipses. The small masses of the non-degener- 
ate partners, and the consequent small dimensions 
of their Roche lobes, make eclipses unlikely, but 
not to the extent needed to ox^jlain why not a 
single one has been observed among a fairly largo 
sample of bulge sources. Thus it appears that, in 
order to salvage tho binary model, special selec- 
tion effects must bo invoked. One interesting 
suggestion has boon advanced by Hordochai Milgrom 
of the woizmanh institute (Rof. 53) . Ho argued 
that, since the occulting object is very small, 
colipsos will occur only if tho observer is very 
close to the orbital plane of the neutron star. In 
this case, the X-ray emission may bo obscured by 
an accretion disk whose median plane coincides 
with the orbital plane, and the X-ray star may 
escape detection. 

If, as it appears most likely, the bulge sources 
are binary systems, it will be appropriate to 
rename thorn "low-mass X-ray binaries," in line 
with the nomenclature adopted for the other family 
of X-ray stars discussed previously. 

3.4 Bursting X-ray Stars 

Groat interest has aroused in- recent years the dis- 
covery of a peculiar kind of temporal variations, 
which seems to bo typical of low-mass X-ray binaries. 
These variations, known as bursts , are charaterized 


by a sudden IncroUBO in tho X-irfly flux, whlcl», in 
a few soconda or less, roochoo a poalt of about 
10®® erg comparable to the flux of the 

Bbrongost poraistent aourcoa, and is followed by 
a more or loss regular decay, with an onergy- 
dopondont time conatant In tho rango from aov- 
eral aocondo to several tons of soconda. 

11)0 first burst nourOos (or "burstors") wore 
discovered, indo])ondontly, in 1975, by Jonathan 
Grindlay and John Hoisc, using tho AN0 satellite 
(Rof. 54) , and by lUchard Hollan, Jorry Connor, 
and Doyle Evans ualng tho SH Vola military satoJ- 
lite (J?of. 55). IntenBive studioa by Walter Lowln, 
George Glar);, Jeffrey Hoffman and their associatos 
at MIT uclng t)>o SAS-3 satolllto and by Joan , 

Swank and Insr n<uiociateo at GSI'C using tho O80-0 
satolllte are reaponsiblo for.’mueh of our present 
knowledge concerning thoae sources (soo review 
paper in JUjf , 50) . 

About thirty buriitcrs ore known today. With one 
exception, tho burotc from a given source follow 
each Dthor at intervals of hours or days. Some- j 
t,lmco tho time intervals between bursts are nearly I 
constant or change regularly with time. SomoUmoo | 
they are completely irregular. Periods of oetiv- ! 
ity altornato with periods of quioscenco. | 

11)0 exception is the so-called "Rapid Burster," 
discovered by Walter Lowln and his associates, 
which j>roducos sequences of bursts separated by 
time intervals of only seconds or minutes (see 
Rof. 57 and Figure 12) , The same scientists noted 
characteristic difforonccB betv/een those bursts 
and those produced by tho "slow" bursters) to 
omphaaizo those difforonco, the latter bursts wore 
typo 1 buiBts, and tho former typo 2 burstc. 

Crude monsuremonts of pulse-hoig)it dlstrlbutionB 
suggest that both typos of bursts have black- j 

body spectra. However, in tho typo 1 bursts, the I 
temperature appears to docroaoj during tlio decay, I 
whereas no significant temporaturo change is soon | 
to occur during tho evolution of the typo 2 
bursts. If indeed the radiation process is black- | 
body emission, from the temperature (ac given by | 
the spQOt).‘um) , and tho total X-ray flux it is 
possible (assuming a distance of about 10 kpc for 
the burster) to compute the dimensions of the 
emitting area. It is probably significant that 
these dimensions turn out to be of the order of 
those of a neutron star (about 10 km in radius) , 

Some bore tors lie in globular clusters. Tlio 
majority, however, are isolated objects and appear i 
to coincide with persistent X-ray stars. Of thqso, : 
six have been identified with optically faint 
objects) five of thorn exhibit the characteristic 
blue color of low-mass binaries, while tho spec- 
tral character of the sixth is obscured by strong 
interstellar reddening. This is a strong Indica- 
tion that only low-mass binaries are capable pf 
producing bursts, 

The burst aneebanisra has not yet been clarified 
with certainty, Following earlier suggestions by 
several scientists, in particular by Laura 
Maraschi and Alfonso Cavaliero of the Milano 
University (Rof. 58), that bursts may bo caused by 
thermonuclear flashes, Paul Joss made a detailed 
quantitative analysis of tho nuclear reactions 
that might occur at tho surface of an accreting 
neutron star (Rof. 59) . ‘ This analysis produced 
a model which involves accretion of hydrogen by 
: ‘ /{> 

— • ■ •"'’Htiii 
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the neutron etari iion-oxi»io»ive tliexTOnuelear 
ifortotlontj changing bydiogun into heiliiwi oxploaive 
thcrmonuulonK reactions chunging hoJium into honvlor 
elomcntu. hvtrnis of tyH< X woulU bo the amnlfa8tn«> 
tion of tliofie thcrpionuoloar fl«»hoe. Thin model 
}mn nttx active foaturen although, 7 uiideritand, 
meets with aotnc diffiC’ultien, 

Turning to the Rapid burster, a key obnervatlonal 
roBUlt wan the diacovory by HIT eoientiotfo using 
SAb-3 that, in addition to type 2 butstn it, too, 
produced tyj!u 1 buratn, oej-Dratod by long time 
intorvaln {UaC, CO) • Thin rocult auggenis that t)ie 
Rapid hurntox in not* intrinsically different from 
the Blow burntern, except that in the Ropld Durster, 
for rcaaonn unknown, accretion occuro in spurts 
rather than continuounlyj Vlio npurtn iimnifoct them- 
Bolves an tyj'o 2 buratn, while the Ions frequent 
typo 1 burtifcr. would be produced by the saiiui thermo** 
nuclear flaohec uupp'Ohod to be recponBiblo for the 
burstn in the alow burntern. 

Since 197h» a program hac boon under w»iy, aiming 
at tlio obcorvatlori of tho ojiticnl burnta which arc 
expected to accompany the X-ray burstn, 

Several aimultanooun otpicfll/X-ray burets wore 
oboorved during 1970 and 1979 (soo Kef. Cl and 
Figure 13} . The px^gratn is continuing, with tho 
jopanono x-ray aniollito Hakueho playing a major 
roJo, 

An important observational rooult haa boc.-t tho timo 
delay between tho X-ray and tlto optical burste. In 
all casoB, the optical burnt wau found to bo delay- 
ed by a few secondo with roapoct to tlio optical 
burat. This delay ia evidence that tho optical 
burnt is due to a roprocosaing of tho X-ray buret. 
Tho delay, thon, roproBcntc the difference in 
travel ’t^j^me between tlio direct X-rayo and the ro- 
procosdo'd optical radiation. Its* magnitude shown 
that roproceesing occuro at a diotance of the order 
of a few light seconds from tho source of X-rays. 
This means that it occuro moctly in some matter 
surrounding the neutron star, presumably an accre- 
tion disk, rather than at tho surface of a non- 
degenerate companion, Probably tho optical emiosion 
by persistent low-mass binaries is also due to tho 
reprocessing in an accretion disk of the X-radiation 
originating from tho neutron star, 

3.5 Tho Problem of tho Origin of X-ray Stars 

No definitive! answer has yet boon given to tho pro- 
blem of tho origin of X-ray stars. V?liat follows 
is a brief account of tho prevailing views on this 
matter, it is based largely on a review article 
by Edward Van don Houvel of tho Astronomical 
Institute of tho university of Amsterdam (Ref. 62) , 
whoso work on this subject- has boon particularly 
illuminating. 

Tho non-dogenorato partners of the high-mass X-ray 
binaries are mnssivo, population I stars. Tliose 
stars are short-lived (-10^ years) , Thorefore the 
rate of production of the high-mass X-ray binaries 
must be largo. High-mass X-ray binaries are be- 
lieved to originate from compact binary systems, 
each consisting of two nucloar-*burning stars, one 
of which, after receiving mass from its binary part- 
ner, has reached the devolopmont stage whore a 
supernova explosion takes place, leaving behind a 
fast rotating, highly mognetizod neutron star, Tho 
large mass of the other partner prevents tho binary 
system from being disrupted by the explosion. 


The non-degonorate partnerB of the low-mas* X-ray 
binaries, Instti 'i, are population 71 stars. Ttia 
galactic distribution of the low-mass X-ray bina- 
ries, showing a concontx’ation in the galactic 
bulge, confirms this view. Bo does the compara- 
tively largo abundance of low-mass X-ray binaries 
in globy'*'^ nlustors, which are formed by popula- 
tion 17 Unlike t)»c high-maas x-ray bina- 

ries, the low-nudBO X-ray binaries are long lived 
(about 10^ yoarn) . Therefore a small rate of 
production io sufficient to maintaip the present 
population, (Of course, both for the high-mas* 
arXl for tho low-ma«a binarion, tJ>o X-ray active 
period may well be eliortor than tlio life of the 
binary itself.) 

A low-mnsB X-**ay binary cannot bo produced by tho 
Bupornova expioislon of one of the partner* of a 
pro-oxiotont non-degoncrate binary system, because 
the gravitational field of tho surviving non- 
degenorato dwarf could not prevent tho disruption 
of this syatem. it haa been pointed out by Clark 
that 0 likely production proccsB of t)»o low-maes 
h-rny binorloo located in globular cluotcre 1« 
the captviro of non-degonorato dwarf.'* by neutron 
stars, Bocoubp of tho large density of population 
II stars in globular clusters, tho frequency of 
occurrence of this i>rocoss opponrs to bo suCfi- 
oient to explain tho obBcrvcd abundanco of low- 
mass X-ray binaries in such cludtcrs. ) 

It seems unlikely that a similar capture process 
may account for tho production of low-mass bina- 
ries outside globular clusters, whore tho star 
density is much smaller,’ As originally suggosted 
by Gursky, those X-stars may represent tho end j 

product of the evolution of binary Bysiems formed j 

by a non-dogenorate dwarf and a white dwarf, | 

Matter accretes from tho non-degonorate dwarf to 
the white dwarf. As a consequence, tho mass of 
tho latter incroascs gradually, until it roaches 
tho maximum allowed mass of tho white dwarfs, at 
which point tho white dwarf collapses into a 
neutron star. 

Unlike neutron stars in tho high-mtHs X-ray bina- 
ries, those in the low-mass X-ray binaries arc, 
on tho average, very old. It is therefore quite 
possible that they may have dissipated their siag- 
notio fields which could provide a natural explan- 
ation for tho nearly complete absence of pulsa- 
tions among this group of X-stars. 

4. GALACTIC X-RAY SOURCES DIFFERENT FROM X-RAY 
STARS 

While tljo most striking achievement of the satel- 
lite observutlons prior to tho launching of 
Einstein was the discovery of tho binary nature 
of X-rny stars and tho understanding of their 
behavior, important results were also obtained 
concerning X-ray sources other than X-ray stars. 

4.1 Supernova Remnants 

To the, Bupomova remnants detected as X-ray emit- 
ters in the pro-satellite years, several now ones 
were added by observations with counter-equipped 
satellites. Evidence was produced showing that, 
at least in the older remnants, t)te bulk of, tlio 
X-radiation originates fj;pm a thin shell of hot 
plasma immediately behind the shock front which 
separates interstellar gas from the fast-exp«nding 
cloud generated by tho supernova explosion. The 
interpretation of tho X-ray emission as a thersial 
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brdimistrAtilung rscoived doflnitivc CDn£irmat.ion by 
the orbuarv^tiorii in several remnant.{ij of a spec* 
tral fcotuio at about 7 koV* which i» interprotod 
flB lino ciniBsion of hiflhly ionix^d iron. ('ihi» 
fofttur© waa first doteetod in the Cob a remnant by 
ft rowket-borne experiment carried out by the group 
at care (wjC, 03) j, ' 

^ 2 X*rflvB from Of»tie&Uv Kn ow< cnlaette Oblecta 

A enialX number of "exotie* '' comporntiveJy noar-by 
otnro and star flytitemn, known to oittieai tintrono- 
mere before tlie beginning of X»ray antronomy, wore 
found to bo Bouicen of x«royB* moctly of woft 
X-rnya, with lumlnonitien inueli grenter than the 
X-rny luminocity of tho Sun, but BmaUor than thoBO 
of Uio wonkoBt X^ray Btorn. (CJi early, they wore 
tho tip of on Jeoborg, whose exploration had to 
wait for tho lavmehing of tho ninstoin obsorvotory, ) 


,and medium energy X-ray* have been observed, TJie 
production meo)iani»m is not yet well underatood. 

5. UXTItACyvlJNCTIC X-IVW SOURCKi 

Substantial edvancoa occurred bIbo in oxtragulactie 
X-ray oBtronomy, which, in the pre-satellite era, 
had barely begun, iSoa a review paper by Pounds 
and rabian, lief. C4, which contains an extensive 
bibliography] . 

by 1970, about 100 oxtregalaatic X-ray Bources 
had been delected, moot of them by nioana of Uhuru, 
Ari«l“5, BAS-3, lOJAO-l, They Include i 

(a) One "normal " g alajw,” Andromeda (in addition 
to tho two Magollnnrc elouds), with an X-ray , 
luminosity similar to that of our omi galaxyi i.e. 
a small multiple of 10®9 erg eee“K 


Included in tliin grouj, nro objects of tho following 
clftssen» 

d*2.l bwnrf jim^n tu binary nyntemB in which n 
degenoi’ntoT^non-mo*^^^ dworf neeretos matter from 
a late-type, nuclenr-burning star, filling its 
Rocho lobe; both a soft (< 1 keV) and o medium 
energy (up to *• lo.koV) spectral components have 
been obsorvod, aypical X-ray luminoaitioc arc on 
tbo order of 10®^ erg scc“^, but occaniorinl largo 
bursts occur, with peak X-ray luminocitios as 
largo os lO^" » 30®® org oaG-^, 

d • 2 . 2 AM Her blnnrl o s (inagnetJo dwarf novae ) . 
Binary systoms eimliar to dwarf novae, except for 
the prosonee of a strong magnetic field, which ia 
Bupposod to caunc the white dwarf to be lockcd-in 
with tbo orbitnS motion, and to produce on accre- 
tion column, Tho X-my spectrum of aomo momborfi 
of the, ^roup contain both a sof t Md fairly hard 
(up to miout 30 koV) components. ’ It ia believed 
that the former is black-body radiation from the 
base of the accretion column, tho latter (when 
present) is thermal bromsatralilung from the column 
itfiolf X-ray luminosities up to - 10®'' erg scc“^ 
hove been obfloivod. Orbital motions produce peri- 
odicities both in tho optical and in the X-ray 
emission. 

4.2.3 stars with hot coronao (RS eVn Bystems ) . 
Rapidly rotating, main soquonco or subgiant stars, 
In binary systems, whose exceptionally hot. coronao 
*(T * 10^ ®K) produce abundant soft X-rays, presum- 
ably by thermal bromsBtrahlung. , It has been 
fluggootod that tidal interaction with the binary 
companion might be ronponHiblo for tho heating. 
Thdir X-ray luminosities (in tho low-enorgy range) 
are mostly between 10®® and 10®® org Boc~i, 

4.2.4 Hot white dwarfs . Wliito dwarfs with very 
high surface tainporaturos. Two objects of this 
class (HZ43 and Sirius B) wore found to bo X-rny 
emitters. Tho obsorvod soft X-rays appear to be 
black-body radiation. Tho luminosities are on tho 
order of 10®^ erg sec”®. 


(b) Between 40 and 150 active g alaxies (Eoyfort 
galnxioB, Radio gnlaxlcH, High’irxcitation t’mfeoicn 
biriot) galoxioc), with X-ray luminonltiCH ordere 
of magnitude greater than normul galaxies (2-10 
kov luininosition mostly in tho range from anout 
lO''^ to al)OUt lo'*® org boc"^). 

Bb bati Obiocto t ill-understood objects, 
cliaractorixed by a point-liko or very cominiet 
appoarancoj spectral linos absent or very weak, 
ctrong radio emission, ctrong polarixation of 
optical and radio omisaion, bright nucleus, 
extreme variability j 2-10 koV x-rny luminositleB 
in the range from about 10'® to tdjout lo''® org 

BOO"®. 

(d) Tlireo guanars , namely tlio bright, compara- 
tively near-by quaonr 3C 2.73 and two quoBaro 
discovered tlirougli tliq optical (examination Of two 
faint X-ray sources detected and accurately 
located by saS- 3. Their 2-10 koV X-ray luminosi- 
ties are on the order of 10*' *' - lo''® erg too“*. 

(e) About 40 clustors of galaxioa , with 2-10 koV 
X-ray luminoDitlco in tho range from about lo'*® 
to about 10*'® org sec” 

Active galaxies wore found to have exceedingly 
bright nuclei at all wavolongtlis. It is interest- 
ing to note that in active galaxies and quasars 
the X-rny and Y-ray luminosity may exceed tho 
luminosity «t all other wavolongtlis. It was noted , 
that tho galactic nuclei arc similar to quasars, 
and it was suggested that quasars may bo bare • 
nuclei of active galaxies. Strong temporal vari- 
ations hod been observed in some active galaxies ‘ 
and some quasars, with time scale ranging from 
hours, to days, to years (see below). 

Undoubtedly, quasars and their close relatives, 
active galactic nuclei, arc among tho most inter- 
esting and puzzling celestial objects. Basic to 
any attempt at establishing their structure and 
interpreting their behavior is some information on 
the sizes and the masses of those objects. 


'*•2, 5 Flare stars . Cool stor > producing frequent 
optical flares with risotimes of seconds and decay 
times of minutes. Two flare stars (UV Cetl and 
yz canis Minoris) have been observed to produce 
X-ray flares . 

4.2.6 Algol . A rather anomalous X-ray source, 
which does not fit into any of the categories list- 
ed above. It seems to be a triplet. Both soft 
.1 . . 

i • ' • • - 


Radio observations by moans of tho bong Baseline 
Interferometer have placed an upper limit of 
several times lO’"'' arc sec to tho angular diinon- 
sions of Bomo galactic nuclei'. With a typical 
distance of .about 10 Mpc. , this angular size 
• corresponds to a linear size on tho order of 
10 parsec. 


jMuch more stringent upper limits wore derived from 

i , I . , ^ 
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tho v«rJ«fcionfe of thp luminoeUy, tt 

thni ono cait safoly amiunw} that, iha fcina scald 
of fl variutioii cannot te cmallot than the fclBw of 
trftVot««i of lihlifc through the eourco. 9he upper 
limit set by this condition will not bo invalidated 
by a poMsiblo rovorboration of tho radiation duo 
to scattering in tho tncdiutn surrounding tho source < 
an effect which can only lengthen tho ohaerved 
time ncfllQ find cause on ovor>outimatc of the size 
of tho nourto, 

’llio faotont variation pubUshod co far io a flare 
oxhibitiiir, an order of mognitudo chongc of flux in 
730 fioe, observed by tho Ci'A group on tho Soyfort 
galaxy H6t’dl5A by meann of Uhuru (hof. C>f>) . How* 
ever, to mearmro, indeed to even outablJob tho 
exlBtcneo of such a short ovor.t in a very faint 
source, in n very difficult task. (Tho authors 
thomuolvon appear to have come doubts about tho 
roality of tlio effect) . On the other hand, varia- 
tionc wiUi time scaleu on Ujo order of one day 
appear to In* well ontablislied. Obnervotione, by 
irwnnn of Ariel of 2H active galaxies have d<>- 
toeted, among ft numljer of voriatione with longer 
time BCftloB, one flnro with n time cealo of about 
ono day in 481, and one sudden increase of 
flux, with n Urn*' uenlo of about 1/2 day in the 
quasar 3C 273 (Kef, 06) . Ttie maximum size com-* 
patibJf vrith this time ecale in about 1.3x10^^ cm, 
A.e., lesB tlian 1/lOOu of one light year, a very 
altort dimension indeed on a galoctic scale. 

Por an estimate of tho mess of an active nucleus 
or a quoKor we arc on Icsn solid ground U»an for 
tlic CBtimate of tho aiac. The cimplost method is 
based on the eriteriors of the Hddington limit 
(Eq. 2) to tho obnorved luminonJty, In tho caao 
of "<C 2,73, for oxomplo, bj{ s 10**^ erg sec'^. By 
r''>teir'ng that < bj,, wo obtain for tlio niass M 
tun ci;»J7altion M > 10^ M,,. As I already cautioned, 
tiu Btraiglit’-'orward applicotion of tlio Eddington 
llmiit to obtain a minimum value for tho mass is a 
risky procedure. Thoroforc thla minimum value 
miglit well differ, oven by an order of magnitude, 
from that quoted above. NonotliBloBS, it io certain 
thot 2c 273 (and undoubtedly tho othor quasare and 
active nuclei as well) have truly enormous manaoB. 
That these masses aro contained in as small volumes 
as indicated by tho occurrence of fast variations, 
justlfioB tho wide apraad belief that quasars and 
active nuclei may contain eupormaasive black holes. 
If this is Bo, the omission from these objects may 
be powered by accretion to tj»a black holes from 
tho surrounding matter. 

Early in tho history of X-ray astronomy olustors of 
galaxies had omorgod as a prominent class of extra- 
galactic X-ray sourcoc. 1 already. mentioned that 
X-'ray obaorvations played a prominent role in 
establishing tho physical nature of those systems; 

I noted that records (obtained by Uhuru) had shown 
tliat tho X-ray omitting regions in the Perseus and 
Coma clusters extend through the volumes of the 
clusters (Ref. 21). I aloo noted that observation.n 
(by moans of the Ariel 5 satollitc) had shown that 
the X-radiation of the Perseus cluster originates 
not from the Individual galaxies but from a hot 
gas (T s 10^ - 10® K) filling tho cluster's volume. 
The latter result was established by tho detection 
of the same 7 koV spectral feature, duo to lino 
emission of Fc XXIV-XXVl, which had been found in 
tho spectra of supernova remnants (Rof. 67) . This 
observation also proved that tho gas in the clus- 
ters is not primordial but, presumably, has been > 
processed in supernova explosions, 


6. THE PXrmii RADJATIOH ' 

The diffuse radiation, already dotacted in the 
aarly rocket fligiits, was investigated more 
thoroughly by meane of liatellltea* 

One imporlant result was that below 1 or 2 )<eV 
this radiation is very patcliy and therefore, pre- 
sumably! of galaotlc'origin (perhaps arising from 
t)io residuoa of very old tiupornova clouds) , At 
higlier plioton onorgiea, inatesd, t)u« )}oekground 
appoars to be isotropic, a strong argument in 
favor of its cxtragalactic origin. 

Clearly, what is soon an a diffuse radiation by 
any given instrumont, arisoo, in part at least,’ 
from faint sources whicii aro not ronolved by t)mt 
particular instrument. Tho question remoins 
wliothor all of t ))0 diffuse cxtragalactic radiation 
can bo accounted for in tliis mannor, or wliothor 
a isubntantial fraction of it originator, in t)to 
fipueo between galaxlca. in the latter cacc Uje 
most ll){cly production procoes is tlwrinal brems- 
fitraJilung by a liot gaa filling i n tergal actlc 
epaeo, An answer to thin question is of groat 
cosmological elgnlfioanec, for the totn) mass of ' 
t);o nocconary gas may come near to t)iu maos needed 
to "clone" the Universe, i.o., to prevent the ' 
Univoree from expanding indefinitely. 

RosultB hearing on tho problem of tho nature of 
tl >0 diffuse radiation hav*7 boon obtained from 
opoctral measurementB by means of ^tho satollite ' 
HEAO-l (Rof, 00) . Important data have also boon 
produced recently by tho Einstein telescope. By J 
virtue of iiB high sensitivity, this instrument i 
is capable of detecting much fainter X-ray sources | 
than had loon observed before, thereby pushing i 
further dovm tho upper Intensity limit of dia- 
Crete wourcoB whose cumulative affect is undia- I 
tinquiohable from a true diffuse radiation, 

o 

0 o 

Summing up, wo find that observations with counter- 
equipped rockets and satellites )iavo provided a 
solution, rather complete in its ossontial features 
of tho problem concerning tho nature and tho mode 
of operation of X-ray stars. Much remains to bo 
done to fill in important dotaila; one may antici- 
pate that collimated counters will continue to 
bo the basic tool for those investigations, 

The counter technique has played an OBSontlal role 
in tho dovolopmont of X-ray astronomy not only in 
tho study of X-ray stars , but also in the study of 
X-rays from other sourcos (X-rays from supernova 
remnants, from 'known" galactic objeotn, from 
cxtragalactic sources; diffuse X-rays) . However, 
in connection with many important observational 
problems encountered in thin latter field, the 
grazing-iifOidence telescope, with its high, sen- 
sitivity, its fine angular resolving power and 
its image- forming cai»nbility offers opportunities 
unmatched by other instruments. Therefore, as far 
as this aspect of X-ray astronomy is concerned, a 
detailed discussion of early results, stopping 
short of tho recent observations by means of the 
Einstein telescope, would bo rather pointless. 

Since a presentation of Einstein's data is not 
part of my ap-<,ignment, i shall stop at this point. 









^ «*S^W f-,AM3n -X4 


' < 


0W61NAL PA^ » 
OF POOP QUAl-VW, 


TAUU3 1 

VartlaX list o£ X-iray astirononiy aatoUltos (not 
included are the hir force aponBorod antoUitOB 
nor the USSR sotelliteK) . SatollitoB marked with 
a star wore devoted entirely to X-ray aotronomy. 


Spoceoroft 

baunch date 

organization 

Principal Invostigatore arid noma 
otiior participants 

*SAS-1 

(Uhuru) 

DOC, 12, 1970 

NASA 

R, Glacconi (American Science 
and Engineering) 

OSO-7 
(Orbiting 
Solar ObinArv- 
atory No, 7) 

Sept. 29, 1971 

NASA 

G. Clark, H. Bradt, H. Schnopper, 

W. iKJwin (Center for Space Research 
MasBachuDctts Institute of 
Toclinology) 

orbiting Astro- 
nomical Obser- 
vatory C 
(Copernicus) 

Aug, 21, 1972 

NASA 

R. Boyd (University College, 
London) 

Astronomical 
Nethcrlond 
Satellite No.l 
(ANS-1) 

AU9, 30, 1974 ^ 

! 

Notherland 
Agency for 
Aerospace 
and NASA 

A. Brinkman (Space Research Lab . , 
Utrecht)*, H. Gursky (Center for 
Astrophysics, Harvard University) ) 
H. Schnopper (Center for Space 
Research, Massachusetts Institute 
of Technology) 

*U.K. 5 
(Ariel b) 

Oct. 15, 1974 
» 

U.K. Science 
Research 
Council and 
NASA 

R. Boyd (University College, 
London)’, H. Elliot (Imperial 
College) ) K. Pounds (University 
of Leicester) ; S. Holt (Goddard 
Space Plight Center) 

*SAS-3 

! 

May 7, 1975 

1 

NASA 

G, Clark, H. Bradt, H. Schnopper, 
S. Rappaport, W. Lewin (Center for 
Spaqe Research, Massachusetts 
Institute of Technology) 

OSO-8 
(Orbiting 
Solar Obser- 
vatory No. 8) 

June 21, 1975 

1 1 

NASA 

E. Boldt (Goddard Space Flight 
Center) W. Kraushaar (University 
of Wisconsin) R. Novick (Astro- 
physics Laboratory, Columbia 
University) , 

* 

High Energy 
Astronomical 
Observatory 
No.l (HEAO-1) 

1 1 

jAug. 12, 1977 

i 

NASA 

H. Friedman (Naval Research Labora- 
tory) J E. Boldt, (GSPC) and G. 
Garmire (Caltech) jointly T H. 

Gursky (CFA) and H. Bradt (MIT) 
jointly,’ L. Peterson (U. of Calif., 
S. Diego) and W. Lewin (MIT) 
jointly 

1 
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Spncciorftft 

f 

Laut)ch dote 

Organization 

Principal Invoatigntors and ^omo 
other participants 

« ' i 

nigh Energy 
Astronomical 
Satollito No. 2 
(IIBAO-2, 

Einntein) 

Nov, 13, 1976 

NA6/' 

R. Giacconi (Center for Astrophysics, 
Harvard university) ; G, Clark 
(Center for Space Rosoarch, 
Nassachusotts Institute of 
TodmoJogy) ; E, Doldt (Goddard 
Space Plight Center); R. Novick 
(Astrophysicf. Lab. , Columbia 
University)} H. Tananbaum, Center 
for Astrophysics, Harvard university) 

*C0RflA-n 

(Hakuelio) 

Fob. 21, 1979 

Inct. Space 
Aoxon. Sci., 
U. of Tokyo 

M» f'flQ (University of Tokyo) 

*U.K. G 
(Ariel 6) 

Juno 2, 1979 

U.K. Science 

Research 

Council 

R. Boyd (University College* 

London) 

K. Pounds (University of Leicester) 


TABLE 2 


Proportias of Somo High-mass X-ray Binaries 


T *= pulsation period? T “ orbital period, d « approximate distance? 

I»v “ approximate x-ray luminosity (~2 to -10 keV) ; L /L = approximate ratio 

irC X O 

of x-ray to optical luminosity (Pef.' 43). 



Companion 

spectral 

typo 

T (see) 

T(days) 

a^sini/R^ 

f /M 

d (kpc ) 

Ljj (erg/s) 


con x-3 
4U1119-60 

0 giant 

4.84 

2.087 

17*15 1 

, ! 

15.5 

0; 8 

lo^"^ 

0-0.05 

Her X-1 
4U1656+35 

F 

1.24 

1.700 

5.69 

0.B5 

nil 5 


0-10 

Vela X-1 
4U0900-40 

B supergiant' 

283 

8.966 

48.40 

18.93 

0/ 1 


0-3. Xio"^. 

SMC X-1 
4U0115-73 

B Bupergiant 

.714 

3.892 

23.04 

10.84 

<V 65 

38 

0-6x10 

0-1.2 

4U1538-52 

B supergiant 

1 

529 

3.73 

23.79 

13.0 

7. 

0-4x10^® 

'UO.OI 

[ 
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Higli-masn X-ray TranBiontn (Raf.,43),, 



AlllB-Cl 

A0535+20 

4U0115+63 

D&to 

Doc. 1974 

April 1975 

Seven jturthor outljursts 
from 4/75 to 4/70 

( 

Doc. 1977 
Previous outburst 
in '71 

Optical 

object 

Bo star 7 

Do star 

reddened 
B star 

Pulsation 
period (boc) 

405 

104 

3,01 

1 

Orbital 

period 

7 

months? 

1 

24d 

L /L 
x' o 

•L 2 

A- 0.1 

A, 2 


i 


> > 


TABLE 4 


Low-mass X-ray Transients 



A0620-00 
(Monoceros Nova) 

A1524-61 

(Triaiig. Austr. Nova) 

H1705-25 
(Nova Ophiuchi) 

3U1908-00 
(Aguila' Xrl) 

Cen X-4 

Date 

August 1975 
Previous outburst 
(optical) 1917 

November 1974 

Fall 1977 

recurrent; 

A- once a year 

July 1969 
May 1979 ' 

Max. X-ray 
Intensity 

r 50 Crab 

s Crab 

z 3 Crab 

Z Cr^ 

: 35 Crab 
Z 4 Crab 

L /L 
x' opt 

A< 150 

A/ 200 

Ai 100 

A. 500 

A. 40 

at max. 

(Ref. 69) 

(Ref. 69) 

(Ref. 70) 


(Ref. 50) 
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FIGURE CAPTIONS.. .. 
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1, rhotogx’ap)» of the region of the «ky contuinlug Sco X-1, reproduced 
from U)Q Fiilomnr Sky survey print, ilio X-ray source wan found to 
lie in one or the other of tlio two ructangjos (1* x 2' in sij;it) . 
The optical counterpart of r.co x-X (arrow) is a 13th magnitude 
object (Ref. C ) . 
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2. Scientific payJoad of Uhuru (Kef. 71), 

3, T)io X-ray map of the cky, in the range of photon onorgioa 

2 to 6 koV, according to ilie fourth Uhuru catalogue. (Kef, 20), 

<1, Doppjor curve of a spectral lino of the nui<orgiwt llr)n-22CD0B, the 
optical oounto'ipart of Cyg X-1 (Kef. 32). 


5. Cen X-3 obaervationnl data ehovdng the popplcr effect on the 
pulcQtionn and one eclipno/ aeo’toxt (Ref, 34), 

6. I’ulso piofilon of nine pulning X-ray ataro. The pulsation periodr. 
arc indicated (Ref, 72)'. 


7. Values of the neutron star mass derived from measuremento on five 
high-mass X-ray binaries and one pulsar (Ref. 45) . 


0. orbits of neutron stars in seven high-mass X-ray binaries (schematic). 
Masses of the non-dogonorato partners are indicated; 4U0115-63 is a 
transient (Ref, 45). 

I * 

9. The Roche lobes of a high-mass X-ray binary, b is the inner 

Lngranginn point; the vtor.s indicates the center of mn-ss of the 

system (Rof. 73) , , , 

« . « 

10. ’ (a) Optical identification of the hig'n-mass X-ray binary GX301-2; 

parallelogram t error box from measurements of Uhuru; larger circle; 
preliminary SAS-3 error box; smaller cirClos final SAS-3 error box; 
the. optical partner is the bright star at the center of the SAS-3 
circles. 

> 

(b) Optical identification of the bulge-type source 2S '1627-673; the 
optical partner is the faint "peculiar" star No. 4 within the SAS-3 
error circle; all other stars within this circle have tbc appearance 
of "ordinary" stars (Refs. 74, 75, 76), 

11. Optical observation of the X-ray transient Con X-4; (a) faint optical 
object detected before the X-ray outburst; (b) bright optical object 
observed after the X-ray outburst (Ref. 50) . 

12. Eight typical sequences of bursts from the Rapid Burster (Ref. 57). 

13. Simultaneous X-ray and optical bursts from a low-mass X-ray binary 
(the object ,at the center of the white circle; Ref, 61) . 
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